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Abstract

Line positions and line intensities of the VI, vs and 2V4 bands of 14NH3 were

analyzed using line positions from 0.0054 cm-’l apodized resolution FT spectra recorded

at Orsay and using line intensities from 0.011 cm-l unanodized resolution FT spectra

recorded at Kitt peak National Observatory,

About 2110 lines with J’ < 10 were assigned from which 1832 lines positions

are fitted using an effective rotation-inversion Hamiltonian to achieve a rms of 0.085

cm-l . Nearly 1000 line intensity were measured with accuracy of 6% or better and

modelled to 11 terms of dipole moment expansion to * 9.4 Yo. The band strengths of

the VI, vs and Z’V4 bands (determined for the first time in the case of the 2v4 band) are,

respectively, 23.6 (2), 11.8 (1 ) and 2.82 (4) cm-2/atm at 296 K. A prediction of the line

positions and intensities was generated for some -2700 lines with intensities calculated

greater than 1xl 0-4 cm-2 atm-l at 296 K, suitable for planetological purposes. Tentative

assignments involving 22 upper state levels of 4V2S were identified but these were not

included into the modelling at the present stage.

The theoretical model and the set of programs developed for treating the infrared

system vl/vs/2vq of ammonia are briefly discussed.

1. INTRODUCTION

Ammonia is the fourth most abundant constituent in the atmosphere

after hydrogen, helium and methane [11. Previously the 3 pm spectral region

used for jovian remote sensing because the telluric absorption of water

of Jupiter,

was rarely

vapor and

carbon dioxide overwhelmed the planetary signal reaching the ground-based

observatories. However, in 1996 the NIMS experiment (Near Infrared Mapping

Spectrometer) [21 on Galileo spacecraft and the SWS (Short Wavelength Spectrometer)

of the ISO [31 satellite in earth orbit both recorded extensive and interesting spectra

involving the features of ammonia at 3330 cm-l. The present study of ammonia line

positions and intensities was then undertaken to provide a detailed database of

molecular parameters in the 3100 to 3700 cm-l region for the analysis of the spacecraft

data.

In this spectral range the observed ammonia absorption arises mainly from the

VI (Al ), w (E) and 2VZI (Al + E) vibrational bands, Two much weaker bands 4WS (Al )

and (2VZ + v4)s4a (E) are also present in this range, but these bands do not contribute

significantly to the absorption. Nevertheless, we will see that they are of importance in
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some perturbations observed within the three stronger bands. In spite of a number of

works [4-1 11, only relatively uncompleted spectroscopic data of this spectral range were

available for planetary analyses. Guelachvili et al. [81 remeasured a Fourier transform

spectrum of the 3 pm region of NH3 with a 0.0054 cm-l resolution and reported about

1400 assignments in 2VQ, VI and V3, but they were unable to introduce in a satisfactory

way the most important interactions within those bands, especially between 2V4 and VI.

For the intensities, Pine and Dang-Nhu [91 recently determined the band strengths of the

fundamentals using about 78 transitions in VI and 21 transitions in V3. No

measurements of 2V4 intensities were reported previously.

As in our prior work of the 4 pm region of ammonia [1 21, the objective of

the present effort was to model both positions and intensities as accurately as possible.

For the analysis of the line positions, the present study used the spectra recorded with

the Fourier transform spectrometer at the Laboratoire de Physique Mo16culaire et

Applications of Universit6 de Paris Sud [81. For the line intensities, we averaged

measurements from sixteen different 0.011 cm”l resolution spectra of NH3 recorded

from 1800 to 5400 cm-l by the second author with the McMath Fourier transform

spectrometer located at Kitt Peak National Observatory [12, 131.

The reported assignments [81 were confirmed and extended up to J’ equal 10 in

the two fundamentals vland V3 and the overtone 2VQ. The measured positions and

intensities were then modelled as the triad system of VI /v3/2v4 to account properly for

the Fermi and Coriolis-type resonances between the three bands. The results of the

analysis was then used to produce a line-by-line prediction of the three bands of NH3

which greatly advances the molecular database at 3 pm and is sufficiently accurate for

the spacecraft applications.

A small portion of the much weaker 4VZS band was assigned around 3462 cm-l, .

but the number of identified levels was too few to be included in the present analysis.

No transitions of the fifth band 2V2 + V4 were found despite an extensive search probably

because of the weakness of this band. In fact, because of these missing states the data

could not be reproduced within experimental uncertainties.

Il. EXPERIMENTAL DETAILS

a) Line Position Data

Line positions used in the present work were retrieved exclusively from the data

previously recorded with the Fourier transform spectromete~ at Laboratoire de Physique

Mo16culaire et Applications of Universit6 de Paris Sud under a resolution of about
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0.0054 cm-l. The measurements were obtained with a 1-m multipass White-type

absorption cell using optical path lengths and pressures listed in Table 1 .a. Spectra

(n” = 1709, 1733) already published [8] were also used. Fmin and Fmax in Table 1 give

the lower ad higher limits of the spectrum intervals. All spectra were calibrated using the

CO fundamental band calculated from [141 or the CO overtone band [1 51. The line

positions were then obtained by averaging profiles of similar optical densities. The

absolute accuracy of the wavenumbers of isolated lines was estimated to be better than

0.0004 cm-l.

b) Line Intensitv Data

Line intensities were obtained from spectra at 0.011 cm-l resolution recorded

with the McMath Fourier transform spectrometer located at Kitt Peak National

Observatory/National Solar Observatory. The experimental setups were very similar to

those used for other ammonia measurements [1 2,161 in terms of detectors (lnSb),

beamsplitters (CaF2), source (globar), pressure gauges (Baratron capacitance

manometers) and integration times. Sample pressures were selected to maintain a stable

sample of ammonia without introducing too much pressure broadening and line mixing.

Nine scans were recorded with a bandpass of 1800 to 5500 cm-l; seven of the scans

were taken with a bandpass of 2600-8000 cm-l [1 61. The shortest cell was made of

glass, and the others were stainless steel; the last two cells were multi-pass chambers

with base lengths of 1 m and 6 m respectively. Individual line intensities were retrieved

from each spectrum through non-linear least squares curve-fitting [171 in which the

values of the line positions, intensities and widths were adjusted in a synthetic spectrum

to reduce the residual differences between the observed and calculated spectra. The last

columns of Table 1.b show the number of features measured from each spectrum in the

intervals between the first and last frequencies, Fmin and Fmax; the largest optical

densities were measured primarily to obtain intensities of 2v4. Measurements from

different optical densities were then averaged together. For features with known

assignments, the individual intensities were normalized to corresponding values at 296 K

prior to the averaging. Table 2 lists a sample of individual measurements for strong,

medium and weak transitions; it gives the observed position, the path and the pressure,

the observed intensity at 296 K, and YO difference between the individual measurement

and the averaged intensity. The precision of the intensities selected for analysis tend to

fall between 2’% to 8 Y.. The absolute accuracy is more difficult to judge; it is set

conservatively to 6% even for the isolated transitions with precision of 30)6 or better.

Line positions from the long path data were calibrated using the 2-O band of CO [1 51.

5



111,THEORETICAL MODEL

Our present vibration-rotational approach to the 2v41v1 /v3 system is

formally quite similar to the approach we used fOr the 3vz/vz + V4 system of ammonia

in the 4 pm region [1 21. All the couplings between 2v@j/vs and all other bands are

assumed to be weak enough to be taken into account properly by a perturbation

treatment via Contact Transformation method. In fact, we know that a severe limitation

to this assumption arises from the overtone band 4VZS and the combination band 2v2

+ V4 (s and a components) which are estimated to be in close coincidence with the

triad 2v4/vl/vs system [51, as represented in Figure 1. Nevertheless, the lack of data

about these two bands does not allow us to include them in the present stage of the

analysis.

As in the case Of the 3VZ@Z + VA SyStem Of NH3, we Wed a parametriZatiOn Of

the vibration-inversion-rotation energy levels developed by Spirko et al. [181, and later by

Urban [191 and for the intensity parametrization, we used the approach introduced by

Pracna et al. [201.

Table 3 gives the exact expression of the energy matrix elements related to the

interacting vibrational states V1 = 1, V3 = 1 and V4 = 2 . In this table, the expansion of the

terms shown is limited to the fourth order for contribution diagonal in the vibrational

quantum number v and to the third order of magnitude for the vibrational coupling terms.

So five kinds of matrix elements are involved : a) diagonal matrix elements; b) matrix

elements diagonal in the vibrational quantum numbers VI , V3 and V4 and related to

“essential resonances” like “l-type interaction” within 2V4 and V3 and “K-type

resonances” within all the vibrational states; c) Fermi-type matrix elements between

VI = 1 and V4 = 2 levels; d) Fermi-type matrix elements between V3 = 1 and V4 = 2 levels

and e) Coriolis-type matrix elements coupling VI = 1 and V3 = 1 states. TabIe 4 illustrates

the upper state energy interactions presently used in the analysis of 2v4 , VI and v3.

Table 5 contains the transition dipole matrix elements corresponding to the

transitions investigated in the 2v4 , VI and V3 bands. In this table, the transition matrix

elements < I Ipzt I I > are given according to the expansion of the transformed dipole

moment operator pzt limited to the terms quadratic in the angular momentum

components [21 1.

The elements given in Tables 3 and 5 are consistent -with the phase conventions

used in Ref. [211. The basis wavefunctions used in those two tables are the
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eigenfunctions of the zero order Hamiltonian, Iabelled I i, VI, Va , V4, la, 14; JK >

according to Ref. [1 81 where i = s or a represents the inversion symmetric and

antisymmetric components, respectively.

In the computer programs used in the analysis, the energy and transition

matrices of Tables 3 and 5 are expressed in terms of symmetrized basis functions so

that both matrices can be factorized according to the symmetry classifications of the

vibration-inversion-rotation levels within the D3h [1 81.

Note that all energy or transitions matrix elements with odd values of AK connect

“s” and “a” states whereas elements with even AK values connect “s” and “s” or “a”

and “a” states. After diagonalization of the energy matrix, the upper state levels will be

labelled according to VI, V2, V3, V4, K, 113 1, 114 I and the inversion parity “s” or “a”

quantum numbers as long as the mixing due the non diagonal matrix contributions is

less than 50%. If not, a Iabelling of the levels with stars will be used (see tables).



IV. RESULTS

In the sections that follow, we describe the a) line assignments and upper state

energy parameters fits, b) analysis and fit of the line intensities and c) line-by-line

prediction of these three bands.

In all our fits of the three upper state energy levels of 14NH3 near 3 pm, the ground state

parameters are fixed to the values reported by Urban et al. [221, No attempt was done to

fit the ground state parameters.

a) Line Assignments and Umer State Enera v Fit

The present assignments cover the range from 2980 to 3635 cm-l. Starting

from the results by Guelachvili et al. [81, we completed the line assignments of VI, V3

and 2v4, as much as possible up to the rotational quantum number J’ = 10. The

identification of the lines, based on the ground state combination differences method

allowed us to increase the number of identified lines from about 1400 to 2110. This

corresponds to the identification of about 95% of the possible levels in the triad at

J’ = 10. In particular for the relatively weak 2v4 band, about 760 line assignments were

added to the 240 initially reported. Many of the new assignments in this band

correspond to lines with J’> 6 which are of great importance to model properly the

resonances of the overtone with the fundamentals, For the fit of the upper state

energies, all the lines which correspond to multiple or uncertain assignments were

discarded, and finally 1832 lines (J’ S 10) were included in the fit.

The root-mean square (rms) deviations associated with the fitted positions (and

intensities) are shown in Table 6; the values are given by band and also by inversion

(a,s) components of the upper states. As seen there, the quality of our fit is very

different for the three bands. The overall rms is 0.085 cm-l with a range of 0.044 cm-l

for V3S to 0.177 cm-l for 2v4a (1=0). A. In the case of VI, the r,m,s is similar for the

transitions to “a” and “s” upper levels. For V3 and 2V4 , the r,m. s. deviations are worse

for the transitions associated with the “a” upper states than for the transitions

associated with the “s” upper states. These deviations would no doubt improve if we

could properly include the resonances between 2v4a and the yet-unassigned (2v2 + V4)S

and between Vsa and 4V2 ‘. Although these rms values are still far from the experimental

uncertainties, they do represent a marked improvement over prior analyses of this

region,

Table 7 lists the fitted parameters for the three 14NH3 upper state levels, as

defined by the notation of Table 3. There are 7 parameters for v, =1, 11 for V3 = 1 and
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18 forv4 =2. The columns “s” in Table 7 give the values of the parameters for the

symmetric component and the columns “a-s” give the differences of the parameters

between the asymmetric and symmetric components (VI a - Vls, Bla - B1’, . . . for

example). Concerning the upper state V4 = 2 no variation of the Bv, Cv DVJ, DVJK and

DVK parameters with 14 were found to be significant. Morever, in the three upper states

VI = 1, V3= 1 and V4 =2, the sixth order parameters HJ, HJK, HKJ and HK were found to

be not significantly different from their ground state value for either the asymmetric or

the symmetric components. These parameters were therefore constrained to their

ground state values as shown in Table 7.

No important correlations between the parameters were observed except within the

Fermi-type interaction parameter ~&’ and the two band centers of 2V4 and VI.

Nevertheless, the contribution of this Fermi-type coupling appears to be essential for a

consistent fit of the data.

The Fermi interaction parameter between 2v4 and VI is large (see Table 3.c. ) and

leads to a number vibrational mixing in the upper state levels. The value of the first order

term (~~ =36.49(24) cm-l which connects V4 = 2, 14=0 with v, = 1 upper state

Ievals) is in agreement within a few percent with the values calculated previously by

various methods [23-251 and its value agrees within experimental accuracy to the value

evaluated to be 38 * 8 cm-l by Benedict et al. [41. The difference ~~-~~ as well

as the rotational corrections in J and K (w&,w’~~) could also be determined. The

second order Fermi interaction term in AK= * 1, A14= 72 (w: which connects V4 = 2,

14= 12 I with v, = 1 upper state levels) could not be determined and was set to zero.

Note that although the w: term only couples directly V4 = 2, 14= O with VI = 1 upper

state levels, it also induces a coupling between V4 = 2, 14= 12 I with V1 = 1 upper state

levels via l-type resonances.

No Fermi-type interaction parameters between 2v4 and V3 (see Table 3. d.) could be

determined either because of the large difference of energy between the band centers

and/or because of a smaller interaction term. Those parameters were set to zero.

The Coriolis coupling between the V1 and V3 (see Table 3.e.) bands is not very

strong. Only one parameter (c;= &’) describing the second-order Coriolis interaction

in AK= i 2, A13= T 1 between the two bands could be determined. An avoided crossing

between the v, = 1, K‘=7 and the V3 = 1, K’ =9, 13’ = -1 upper states allows us to

determine the parameter responsible for this interaction. On the contrary, the first order

term in AK= t 1, A13= i 1 (c~~) was not statistically significant, did not improve the

standard deviation of the fit and was therefore fixed to zero. As illustrated in Figure 2,

both the parameter&, and to a much smaller extent the parameter q3V, are responsible
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for the same type of perturbation-allowed transitions AK= i 2, A13= T 1 (a <-- >s)

observed in V3 and for the transitions AK= i 3 (a<-->a and (s<-->s) observed in VI.

Note that neither ql nor q2, related to the 2-1 and 2-2 l-type resonances respectively

could be determined in v3, and those parameters were set to zero.

On the contrary, in the 2V4 band, avoided crossings take place even at small

values of K between energy levels allowing us to determine the two l-type parameters

q, and qz (and even two rotational dependence Q2J and q2.K) responsible for interactions

between energy levels characterized respectively by AK= t 1, A14= T 2 (a<-->s) and

AK= *2, A14= *2 (sc-->s or a<--> a). As illustrated in Fig.3, the couplings

generated by q, cannot induce perturbation-allowed transitions, whereas the couplings

generated by qz makes pertubation-allowed transitions of the tyPe AK = * 2, A14= * 2

a c-->s or of the type AK= i 3, ALI= O SC--S or a <--a observable in 2V42 and 2va0

respectively. As mentioned in Section Ill, we kept the “s” and “a” notation for the upper

state energy levels as long as the rather strong mixing between these two components

remains less than 50Y0.

b) Intensity Fit

Some 975 intensity measurements of the three bands were selected by

discarding blended features and lines which had either multiple or uncertain assignments.

Transitions were also excluded if the observed-calculated positions were bigger than

0.250 cm-l (i.e. about three times the standard deviation for the ener9Y fit shown in the

previous section). Table 6.b is summarizing for each of the bands the number of lines

included in the intensity fit and the corresponding average values, in Yo, of the I lobs -

Icalc I / lobs. The fit for the two fundamentals is the best (5-12 %) whereas for the

overtone 2V4 ,the ihtensity fit is about 14 %. The fit of these 975 intensity

measurements reproduces the experimental line intensities with an overall r.m.s equal to

9.4%, clearly worse than the estimated absolute uncertainty of the intensity

measurements (of about 6 Yo). The best fit was obtained by using eleven parameters

which are reported in Table 8, according to the notation of Table 5. The coefficients dl,

d3, d40 and d42 are the leading intensity parameters related to VI, V3 , 2va0 and

2V4* 2 transitions respectively. All other parameters are Herman-Wallis corrections in J

and K as defined in Table 5. In this fit, only the parameters showing a test value greater

than twice the overall test value were retained as significant parameters. Note that the

overall r.m. s deviation increases to 20.4% if the d31 and d32 Herman-walliscorrections

are set to zero, and to 13.6% if the dl 1 is set to zero.

The intensity parameters are noted “ds” or “da” depending whether they concern

transitions originating from “s” or “a” ground state energy levels ; so for 2v4 0 or for v],
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“d~” (or “da”) concerns both aIlowed a <-s (or s c--a) transitions and perturbation-

allowed s <--s (or a < --a) transitions. For 2V4 i 2 or for V3 , “ds” (or “da”) concerns both

allowed s < --s (or a <--a) transitions and perturbation allowed a<--s (or s<--a)

transitions.

Separate adjustment of the a and s dipole moment terms (by da-ds terms) did

not improve the standard deviations for any of the bands and so the parameters for the

two components were assumed to be the same (da= ds). The relative signs of the

leading dipoles were determined by systematic test fits; the values presented in Table 8

are considered the “best choice”. From these, the vibrational transitions moments and

band strengths for the VI, vs and 2v4 were derived.

The transition moments for each component have the following values :

< /uv >;, =< p, >;, = Idlsl /& = Idlal /& = 0.0262(1) Debye (1)

‘ =< pv >;3~Pv~v,
= ld~sl = ld3sl = 0.0182(1) Debye (2)

~ /4 >; v, =< p, >;”4 = Jw+ld4~~=Jw+ld4~f=ooo’20(6)D
(3)

These values for the VI and V3 transition moments can be compared with the

values of 0.025588(60) Debye and of 0.01 93(14) Debye respectively [91. The

transition moment for 2V4 is determined here for the first time. Because of the strong 1-

type mixing between the parallel and the perpendicular components, it did not seem

reasonable to separate the contributions of the these two components.

To understand the intensity results, it is necessary to distinguish between the

vibrational band strength and the total integrated band intensity. In our case where

<~; > and < ~~ >are the same, the vibrational band strengths can be computed from:

~ _ 8#ti~

v - 3hcQv(T)T ‘p’ ‘2
(4)

where <p, >=< p: >=< p: >, f = 2.686 75 x 1019 molecules cm-3 atm-l at To=

273.15 K, T = 296 K, Q =1. and with the band centers v from Table 7. The total

integrated band intensity is the summation of all the transitions associated with a band

and :

(5)

‘ and the summation of all bands corresponds to the integrated absorption of a region.

The present results for integrated summations ~iSi and computed vibrational



band strengths Sv are presented in the second and third column of Table 9 respectively,

along with values from the literature [9, 26-281. The present total band strengths for

the region (from summing the fundamentals and the overtone) fall within 4% of the

averaged intensity determined by low resolution studies of Kim et al. [261, Koops et al.

[271 and tvlcKeanand Schatz [281. While the present intensity sum for the 3 pm region

is only 10% smaller than the HITRAN 96 values, clearly the database overestimates the

intensities of the V3 parameters.

The only reported vibrational band strengths come from the work of Pine and

Dang-Nhu [91. For V3 our value of the band strengths agrees with the value of these

authors, given the rather large uncertainty quoted in [91. For VI, our band strength value

is higher than Pine and Dang-Nhu’s value by about 4.5Y0. However, as seen from the

differences between our vibrational band strength and our integrated summation, such

evaluations should not rely solely on the “vibrational band strength”. For example, our

vibrational band strengths (see column 3 of Table 9) differ from the integrated band

intensities (see column 2 of Table 9) by 12% for VI ,and 80% for 2V4, but our respective

sums of the VI, 2V4 (and vibrational mixed) integrated band intensity agree with the

sums of the vibrational band strengths (26.2 versus 26.4). This in fact indicates that

we should maybe reconsider the way we label the upper state energy levels (done by

examining if the vibrational mixing is less than 50’Yo, as explained at the end of Section

Ill). Indeed, the very strong mixing of v, and 2V4 distroys the vibrational quantum

numbers V1 and v4, making the vibrational assignment meaningless for many transitions.

In this context, it is useless to compare the results of Pine and Dang-Nhu with ours for

VI, a5 those authors have no band strength value for 2V4 and they have used a different

theoretical model. Rather, the intercomparison is best done through line-by-line

evaluation of observed Iinestrengths, and the examination of some 40 intensities

measured by both studies reveals that the present measurements ire only systematically

3% lower than Pine and Dang-Nhu’s for both fundamentals.

The vibrational band strengths and integrated summations in Table 9 also provide

some understanding about the effect of the resonance between the overtone and the

fundamental. The vibrational bandstrengths values are closer to the intensities that the

bands would have if the Fermi resonance were weak. The difference between the

overtone’s vibrational and integrated strengths shows how much intensity is being

transferred from the fundamental into the overtone.

Appendix 1 shows a comparison between measured and calculated intensities

using the energy and intensity parameters from Table 7 and 8. For each line, they

include the line assignments (lower level and upper level), the observed wavenumbers,

the difference between observed and calculated frequencies (in 10-3 cm”l ), the measured

intensities (S.), the estimated measurement uncertainty in ‘A, the difference between
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measured and calculated intensity in VO (So-SC/So), and the number of scans used for the

intensity measurement. In the Appendix, we have only reported the transitions which

were included in the intensity fit, all with a weight equal to 1. The complete list of

measured intensities (including some good measurements that we discarded because of

the criteria mentioned in the beginning of this section) can be obtained from two of the

authors of the author (1.K and L. B.) and is in deposit by the Journal.

c) Line-by-line prediction of v1~3 -~.— —

Results of Table 7 and 8 were also used to generate a line-by-line frequency and

intensity prediction of 14NH3 due to the vl/vs/2va system for all the transitions with J’

< 10 with a predicted intensity cut-off of 1 .10-4 cm-2 atm-l at 296K (2749 transitions

from 2980.4 to 3633.8 cm-l) which seems reasonable for planetalogy purposes,

This complete data file will be submitted to the HITRAN and GElSA database

[29,301 (and also to the planetary community); it is available in electronic form from two

of the authors (Kleiner, Brown) and from the Journal, This file includes all the

information needed to generate spectra at different temperatures in emission or in

absorption, i.e. line assignments, observed frequencies, observed-calculated values (in

10-4 cm-l ), line intensities and upper and lower energy levels. Note that the observed

energy levels are used whenever they are known. Finally Fig. 4 shows the quality of our

prediction in a portion of the NH3 absorption spectrum around 3450 cm-l.

d) Partial Assicrnment of 4VZS

The rather large discrepancies observed in our fits for the component 2v4 I = O

(a <--s) can be ascribed unambiguously to a Coriolis-type interaction with the “s”

component of 2VZ + V4 (see energy diagram of figure 1). Unfortunately, all attempts to

locate this “dark” state in the room temperature FT spectrum and in the FT spectrum at

200 K were unsuccessful up to now. For V3, it is interesting to note that an “isolated”

band fit of only the V3 line positions (without involving any interaction with other

bands) gives a rms of 0.064 cm-l for the s c--s component and a rms of 0,062 cm-l

for the a <--a component. Those results, when compared to the fit within the triad model

(present analysis with the Coriolis -type interaction between VI and V3 and the Fermi-

type interaction between VI and 2v4), show that the triad treatment contributes to

improve the s <--s component (rms of 0.044 cm-’l ) of the V3 more than the a c--a

component (rms of 0.066 cm-l ). We conclude thus that the upper state V3 = 1 “a” state

is perturbed by a band which is not included in our model, The obvious candidates are

4V2S and (2VZ + Va)a. As already suggested by Angstl et al, [51, the interaction between

v3a and 4V# which requires terms in AK= * 1, A13= * 1 terms, seems to us more

probable than the one between Vaa and (2v2 + v4)a which requires terms in AK= i 2,

A13= * 1, A14= t 1. This hypothesis was confirmed by the fact that after searching for
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a long time in the FT spectrum at 200 K, we were actually able to assign some 40 lines

that correspond to transitions to 4VZ (s), centered at 3462 cm-l, using ground state

combinations and an initial prediction of the line positions perfomed using the rotational

parameters of 3VZ [1 21.Table 10 lists the tentative assignments for this state and gives

measured line intensities and Fig. 5 shows some of the assigned lines of this overtone.

Several attempts to fit those 4VZ lines, treating this band as an isolated band lead to an

root-mean-square deviations of about 0.090 cm-l, showing that this band is also

strongly perturbed. From preliminary isolated band analysis, we estimated that the band

strength of 4VZ (s) is in the range of about 0.1 cm-2/atm at 295 K.

V. DISCUSSION

determinating the true precision and absolute accuracy of the

complicated because of the behavior of the gas sample [1 61.

With ammonia,

measured intensities is

With the results completely tabulated, it is appropriate to return to this question again. In

the experimental section, the estimated precision were stated to be perhaps 3%

because of the experimental uncertainty based on the agreement between individual

spectra, as demonstrated in Table 2. The modeling has shown that the “a” and “s”

components of the fundamentals generally have the same intensity. This provides a

separate validation of the prior experimental precision estimate because the ratio of the

intensities for 50 (randomly selected) a and s pairs of VI and V3 lines is 1.002 with an

rms value of 2.8Y0. Understanding the absolute accuracy is more difficult; it ultimately is

obtained from the agreement with other studies. For the 3 Urn region of ammonia, the

only other line-by-line measurements are those of Pine and Dang-Nhu [91 which are

systematically 3% higher than the present observed intensities. However, given our

experience with ammonia samples, we conservatively set a value of 6’%0as the absolute

accuracy.

V1. CONCLUSIONS

The study of the VIIVB 12v4 system of 14NH3 presented in this paper extents the

knowledge of the very complex NH3 spectrum in the 3 pm region, The analysis of line

positions include now the three leading vibrational bands which represent the quasi-

totality of the absorption present in this spectral range. The modeling of the three bands

within a triad system allow us to account properly for all the rovibrational couplings

between them, mainly the strong Fermi interaction between VI and 2v4. The set of

upper state energy parameters includes only 41 parameters for 1832 line positions fitted.

(which corresponds to about 640 energy levels) with only one strong correlation

14



between two parameters. Note that the standard deviation of the fit (0.085 cm-l)

remains largely beyond the experimental line positions uncertainties (of about 0.0005

cm-l ), The observed discrepancies reveals strong vibrational interactions with the last

two bands present in the range, i.e 4VZ and 2VZ + V4 which could not be included in the

polyad interacting system at the present stage of the investigation. Indeed no more than

40 transitions of 4V2 (s) could be assigned up to now around 3462 cm-l and no

identification of 2V2 + V4 could be done on basis of the ground state combination

differences because of the weakness of this band.

The intensity analysis which includes for the first time Z’V4, in addition to vland

V3, allows us to reproduce 975 intensity measurements using 11 significant parameters

with a standard deviation of 9.4% for an experimental uncertainty of about 6Y0. It points

out quite well an intensity distribution strongly influenced by the coupling between VI

and 2V4 as illustrated in table 9. Finally the results of the analysis leads to a line-by-line

prediction of the three bands VI, V3 and 2v4, reliable enough up to J’= 10 for planetary

applications. Such a prediction was indeed successfully used for the interpretation of

Jovian spectra recently recorded [31.

The first objective of any future study of this region should be to locate the fifth

band 2V2 + V4. Additional experimental data involving more cold data can facilitate this

search. The maximum optical densities available to the present study have been a few

spectra recorded with a path of 16.4 m and pressures of 3 to 10 Torr near 200 K. In

these data, there are a number of weak features near 3200 cm-l that are clearly arising

from small lower state energies and are thus likely to belong to the s combination band.

However, these features are perhaps a factor of five weaker than the 4VZ (s) assigned

lines and could not be assigned using ground state combination differences. Thus new

cold data recorded with path lengths on the order of 100 m would be very helpful for

future studies of this region. However, a careful empirical determination of the lower

state energies (as was done for the 2 pm region of NH3 [161) would promote the

assignment of these dark states. It also may helpful to locate this state by doing

simultaneous assignment of the 2V2 +V4-V2 hot band near 41.tm.

Our present analysis can be extended to identify numerous unassigned lines at 4

pm [121 and 5 pm [311 which are in fact hot band transitions having the 3 pm levels as

upper states. The experimental upper state levels used in the prediction combined with

the two lowest fundamentals will permit line positions to be predicted with accuracies of

0.001 cm-l or better, and spectra recorded for the 3 pm study will be available for the

analysis of the hot band intensities, This can lead to a full characterization of the

important 5 pm region used extensively for planetary studies.

15
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Tables ca~t ions

Table 1. Experimental conditions of the Kitt Peak spectra and of LPMA
spectra.

Table 2. Comparison

Table 3. Upper state

Table 4, Upper state

the VI IV312V4

of individual measurements from Kitt Peak Spectra.

energy matrix for the vl/v3/2v4 system of NH3

Interactions used involved in the present analysis of

Table 5. M-reduced dipole transition matrixa for the vl/v3/2v4 system of
NH3

Table 6, Statistics for fitted line positions and intensitiesa.

Table 7. Energy parametersa fOr the vl/v3/2v4 System of 14hlH3

Table 8. Intensity parametersa”for the VI /v3/2vd system of 14NH3

Table 9: Comparison of bandstrengths from present work and from

literature (in cm-2 atm-l at 296K) for the VI, V3 and ZV4 bands Of 14NH3”

Table 10. Tentative assignments for 4v2 (a-- >s) of 14NH3.

Appendix 1. Comparison of measured and calculated line
VI, V3 and 2V4.

intensities in
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LOMA scec?. a

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scecr. Mum. P-ess. Patp :mi~ r~~~ EtaIon
?O.r M cm-? cm-1 Band

. . . ---- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

:70? ~.36 20.18 3030.7 4801.0 cc 2-o
!Ta: 0.23 28.18 2959.0 6371.0 co 2.0
2069 3.OL 32.18 219~.O 4201.2 co 1-0
Zljit 0.i5 32.18 2q91. O 4201.2 co 1-0
2~77 6.56 3Z. !8 2191.0 ~201.2 CG 1-0

Kitr Peak Spectra

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

?ress. Path lamp Fmin Fmax # lines

Torr ~ K cm-1 cm-1 measured
. . . . . . ..- . . . . . . . . . . . . . . . . . . . . ------ . . . . . . . . . . . . . . . . . . .

3.82 0.10

5.27 0.10

7.80 0.10

10.40 0.10
14.40 0.10

1.07 0.25

2.84 0.25

5.42 0.25

8.51 0.25

1.01 1.50
2.60 1.50

1.89 4.34

6.90 8.40

1.05 25.00

0.53 73.00

6.2025.00

. ------- --------

296.2

296.2

296.2

296.2

296.2

291.5

290.7

295.8

295.8

294.0

294.6

295.8

295.0

295.0

296.0

297.7

. . . . . . . . . . .

3234.5

3234.5

3140.3

3128.3

3105.9

3213.4

3210.5

3173.5

3161.2

3200.5

2979.9

3344.6

2979.9

2979.9

2979.9

2979.9

.. . . . . . .

3546.1

3564.2

3564.2

3564.2

3564.2

3546.1

3564.2

3557.6

3498.5

3570.0

3570.0

3548.0

3504.2

3504.0

3369.2

3368.2

. .. ----- . . .

219.

272.

3W.

452.

480.

173.

362.

453.

423.

680

1363.

1005.

2625.

2507.

1760.

1425.

. . . . . . .

The shortest absorption cel I was glass and the others

3re stainless steel. The last two ce[ [s were Mti-psss

?1(s. Fmin, Fmex indicates the spectral interval from uhich

Nensi ty measurements were retrieved.



. . . . . . . . . . . . . . ------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . --------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3235 .991@ -0.00027

3235.991617 -0.00014

3235.991656 -0. OCOIC

3235.99166C -0.00010

3235.991798 0 .0000~

3235.991817 0.00C06

3235.991829 0.00007

3235. W1891 0.00013

3235. W2064 0.00031

/erage = 3235. W1758 0.00016

0.2500

1.5000

1.500C

O.lcoo

0.1000

0.1000

0.2500

0.1000

0.2500

(=rms)

3244.141095 -0.00087 73.0000

3244.141384 -0.00058 25.0000

3244.142001 O.0000~ 1.5000

3244.142220 0.00026 25.0000

3244.143119 0.00116 8.4000

terage = 3244.141964 0.00071 (=rms)

3248.852587-0.00093 73.0000

3248.852895 -0.00062 25.0000

3248.853W2 0.00048 25.0000

3248.854583 0.00107 8.4000

/erage = 3248.853514 0.00081 (=rins)

2 .3.c
1. 07G

5.420

10.4OC

5. 27C

14. AOC

7.801?

3.820

5.420

2.596

1.010

14.400

10.400

7.800

2.840

5.270

8.510

0.526

6.200

2.596

1.050

6.900

0.526

6.200

1.050

6.900

Z.i)o .E- ~ 1.7 296.7

:.9$ E- : :.5 29i .5
1.87 E- : -*. 8 295.8

;.98E- i 1.0 296.2

J.94 E- 1 -?.2 296.2
2.oI E- I 2.5 296.2

1.98 E- ! 3.6 296.2

1.94 E- 1 -7,4 296.2

1.96 E- 1 2.2 (=%rm=s)

3.56 E- 2 -2.9 295.8

3.7! E- 2 1.3 294.6

3.56 E- 2 -2.8 294.0

3.79 E- 2 3.5 296.2

3.82 E- 2 4.4 296.2

3.78 E- 2 3.1 296.2

3.63 E- 2 -0.9 290.7

3.62 E- 2 -1.2 296.2

3.50 E- 2 -4.3 295.8

3.66 E- 2 3.0 (=%rIRS)

2.26 E- 3 3.2 296.0

2.21 E- 3 0.8 297.7

2.11 E- 3 -3.5 294.6

2.17 E- 3 -1.1 295.0

2.20 E- 3 0.6 295.0

2.19 E- 3 2.2 (=Xrms)

2.35 E- 4 0.1 296.0
2.42 E- 4 3.1 297.7
2.27 E- 4 -3.0 295.0
2.34 E- 4 -0.2 295.0
2.34 E- 4 2.2 (=Xrme)

. . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



b) essential resonances’ c

CS,V, ~3,~4;JKl a,v, ~3, ~4; J,Kf3>= ~(J, K)[qJv(2Kt3)*rsv+ ~3,:3tQ

<a, v, ~3,~4;JKl s,v, ~3, ~4; J,K*3>= ~(J, K)[q3v(2K*3)~r3v+ &$3&tl

u,v, ~3, ~4; JKl i,v,~3,~4;J,Kk6>=$(J,K)$6

<:, 0,1, 0,*1, O; Jd:, 0,1, O, Tl, O ;J, Ki- 1>= 2(2K * 1) ~ (J, K) [q; + q:J J(J+l) +

q:K (2H1)2]

<i, O, 1,0,71:0 ; JKli,O, 1, 0S1, O; J, K*2 >= 21$(J,K) [q? +q~ J(J+l) +q~ (2m)2]

3id,O,l,OAl,O ;J,Kli,O, l,O,~l,O; J, K*4>=2F$(J, K)f4

<:, (), (),2, (), t4; ~&0,0,2,0, @2;J&>=~ ~ (J, K) {(2K*l)[qf +q:JJ(J+l)+

q& (2~_0q + ~ (C4 ~ 1)}

<:, o,o,2,0, T2; JKl;,0,0,2,0, ti; J,fi l>=~~(J, K)f14

U, 0,0,2,0, ~4; JK I i, 0,0,2, 0,~4 A Z J, K A 2>48 Ff(J, K)[#+ q~ J(J+l) + q& (2~)2

d,(), (),2,0, i2; ~!i,0,0,2,0, ~ZJ, K*2>=8~(J~~~ .,

.ti, (), 0,2,0, ~4; JKli, O,0,2, 0,t4~ZJ, K*4>=8~(J,K)fl2

c) Fermi-type coupling 2V4.AIIC

<i,0,0,2,0, 0; JKli, l,O,O,O,O; J, K>= W~+W# J(J+l)+ W&K @

<i, 0,0,2,0, ~4 ; JK I i’, 1,0,0, 0,~4 T 2; J, K t 1> = A ~ (J, K) m~~j T w~$~(z~~)l
.

ei, 0,(),2, 0,~4; JK!i, l, O,O,0,t4*2; J, K*2>=~(J, K)TV~

a The elements are given according to the phase conventionsof Ref (24). They are expanded to the fourth order, except
Conolis and Fermi terms which are limited to the third order.
b v m.presentsthe set (VI, v3, v4) equal to (1,0,0),(O.l,O)and(0,02) fortheuppefstatesofvl, v3 and 2V4s

respectively.

Ifv ~ (1,0,0), then ~3=~4=O; ifv a (0,1,0), t.hen $3=* l,t4=O; if v a (QOJ).hent3=o.~4= ot~2.

c In all elements < i, ... Ii, ... >=..., the index i nqmesentss Wa
IfIall elements< i. ... Ii’, ... >=..., the pair (i, i’) represents(s, a) or (a,s)”



d) Fermi-type coupling 2V4/V3c

ei, (),0,2,0, 72 ; JKli, O, 1. O,*l,O;J, K>=T fY~~ Tw&!KK +w~~ J(J+l)+w~~m K21

<i, 0,0, 2,0, 0 ; JK!i’, O, 1,0, *1,0 ; J, HI > = Z (J, K) lYfl~ T wfi~K (2H1)I

1’<i,0,0,2,0, :2; JK i’, 0,1, O, Tl,O; J,Idl >= ~ (J>K)Wfi T w:~ (z~l)l

d,0,0,2,0, 0; JKli,O, 1,0, ~l,O; J,H2 >= T~(J, K)w~

<i,0,0,2,0, *2; JKli, Ul,O, *1,0; J.~>=~F~(J, K)w~

e) ConOliS-typC COUplingV1/V3c

U, 1,0,0,0, O; Xli’,0, 1,0,0,*1 ;J, KM >=2Ff(JX)[C/~J T C~~~(2K *I)+ C~f#J(J+l)+

c~~~ (2K i 2)2]

1“ -f fiF$(J, IQ C::J<41,0, 0,0, 0;JK 1,0, LO,O, *l; J, K+4>-

--------------------

X(J, K) = [J(J+l) - K@Wllfl ; ~ (J, K) = ~ (J, K) ~(J, El) ; ...

—.—

.



INTERACTION TYPE ENERGY PARAMHERS
according to Table III.

-FERMI-TYPE COUPLING betweenVI= 1andVA=2
14# 144 14.s

Avl =*I, AV4=T2; A14=0, AK=O
14/

~w >Ww ,wm,,w~~.

-COR1OLIS-TYPE COUPLING

betweenvl=landv3=l AV1=*I, AV3=T1; AK=* ZA13=71

RESONANCES “

- l-TYPE INTERACTION in v4=2

- AK=*3 INTERACTION

AK=*I, A4=T2

AK=*2, A14=+2

in v4=2 AK=*3

inv3=l AK=*3

13,%4

C21

4

q,

invl=l AK=*3 93V fix~ to wu~ s~t~

a Accordingto Ref. [22].



a) vlb

& [d;+ d~2J (J+l) + d;4 K21KFoO(JK)ci, v= O; JKllvzl ii’, vl=l; JK>=—

& [d;+ &ll m + d~3 m2 + &14K2] FIO (m K)<i, v= O; JKlllGzl ii’, vl=l; J’K>=—

<i, v= O; JKllpzl li, vl=l; JXA3 > =& di3 %3 (J ‘)

1 i If3 (mK)<i, v=(); ~l]p,z] li, vl=l; J’&3 >=—dfi 13

c) N4b

<i, v= O;JK

<i, v= O;JK

l~zl I i’, v4=2, 84=0; J, K > = - -& [djo* dim J(J+l)+ d~ K2] KFa)(J K)

1 [d +&1m+d~3m2 +i~K21F10(m QIvzII i’, v4=2, ~@;J’,K>=-~ *

e i, v = O; KI IVZI I i, v.4=z 84=T 2; J, El > = $ [d~2 * d~= (2R1)+ d~23 J(J+O+

d:25 (2KA1)2] ~l(J K)
.

ei,v=();~ll~zl I i,v4=2, ~4=~2; J’, IH1 >= ~ [d~2+ d~21m+d~n (2~V+d~U m2+

d~25(2=1)2* d~zb m (2fil)1 @fl(m ~
Ii

<i, v= O; JKllpzl ii’, v4=2, &t2 ;J,KH>=~~[d4~~d1 &I (2-)1 %2(J K)

<i, v’=O; JKllpzll i’,v4=2,~A&;Y,~>=T ~[d~27+d~%mT d~29(2E2)] ~2(m K)

8 ~ 1 lpz 11 > is defined acc~ng to Ref (24), ~.z ; v s (1re~sents (V 1, VS, VA) R (0, (),()) forthegrOUndSMb?2

The fmt subscripts13 and4, in the intensitycoeffxientsarerelatedtov1, V3andv4, respectively;

m= J+land- Jfor J’=J+l(Rbmch)~d J -l(Pbranch), respectively;
F functions are expressed in terms of J, m andK in TableXIVofRef (21),”

b ~ w e[emenW < i, ...[ lpzl Ii, ..O~.,., the index i mpm~ts s ora

In all elements< i, ...1Ivzl Ii’, ... >=..., thepair (i, i’) represents (s, a) or ~a,s)



A) Fit of the line positions B) Fit of the line intensities

Number of Lines rms (cm”1) Number of Lines mls (%)

v] 309 0,074 165 5.0
a<--s,a 166 0.073 87 5.2

s<--a,s 143 0.074 78 4.8

V3 722 0.056 325 11.9
a<--a,s 355 0.066 157 11.4
s<--s,a 367 0.044 168 12.3

2V4(1= o) 185 0.115 123 13.9
a<--s,a 41 0.177 22 13.8
s<-a,s 144 0.090 101 14.0

hd(ill=z) 579 0.106 328 14.6
a< --a,s 278 0.109 151 13.9
s<--s,a 301 0.102 177 15.2

vibrationally mixed 37 0.090 34 14.9

Global Fit 1832 0.085 975 9.4

Number of Parameters 41 11

al%e resultsinclude for each band, all the transitions going up successively to ‘s” or “a” upper state
components. The two inversion parities of the lower state indicate symmetry allowed (listed first) and
“perturbation-allowed” (listed second) transitions respectively. For example, in v3, the ~lowed
transitions are a <--a and s< --s.



a) diagonal v

%
Bv
c“
Dv, X 103
DV,K X 102
DVK X 103
HVJ X 106
HVJK X 106
Hvw X 105
HVK X 106

(Cc)v

TlvJx 102

qvK x 102
b) essential q3v x 103

ql
q2
q~ x 104
q2K X ld

c)Fermi 2v4/vl 14J
woo

14.0 14$
Ww -woo

14,s

W(7OJ

14.9

WOOK

d)Conolis v 1Iv3 ~~ = ~~

VI

s
3323.71(18)

9.813(3)
6. 192(3)
0.63(3)
-O.103(8)
0.57(6)
0.25914b
-0.9056b
O.10796b
-o.4151b

a-s
2.90(8)

-0.005053222b
o.oo20(M)294b
-0.016781b
0.00463532b
-0.0317569b
-0.038549b
O.158387b
-0.0214917b
o.096701b

o. lo5b o.

36.49(24)

-2.93(9)

4.041(3)

0.037(3)

0.0237(9)

V3
s a-s
3443.677(30) 0.31(3)

9.764(2) -0.0025(6)
6.230(2) 0.002000294b
0.74(1) -0.016781b
-0.150(3) 0.(X)463532b
0.95(2) -0.0317569b
0.25914b -0.038549b
-0.9056b O.158387b
O.10796b -0.0214917b
-o.4151b 0.096701b
0.286(3) o.
-0.12(1) o.
0.14(1) o.
0. Iosb o.
0. 0.
0. 0.
0. 0.

2v4
s a-s
3228.42(18) 1.45(3)
0.733(8)
10.413(1) 0.0575(9)
6.099(2) 0.002000294b .
1.28(2) -0.016781b

-0.254(6) 0.00463532b
1.45(3) -0.0317569b
0.25914b -0.038549b
-0.9056b 0.158387b
0.10796b -0.0214917b
-o.4151b o.o%701b
-1.373(2) -0.033(3)
o. 0.28(2)
o. -0.37(2)
o. lo5b o.
0.0137(6) o.
0.0827(6) o.o15q3)
-0.93(6)

-0.21(6)

aThe quoted errors represent three standard deviation.For each band, the column ‘s” and “a-s- give the valuesof @, Bvs, ..and Vs- @, Bvs - Bva, ... respectivey.
bFixed to Ground State Valuesdetermined in Ref.[22].



Leading Termsb
ds=da

dl (VI) 0.0370(2)

d3 (v3) -0.0182(1)

d40(2v40) -0.0017(1)

d42 (ZVA*2) -0.00912(5)

Herman-Wallis Termsb

dll (vi)
d~l (V3)

d32 (V3)

d401 (hJ4)

d422 (2v4)

C1427 (2v4)

d421 (2v4)

ds=da

0.90(3) X1O-3
0.145(2) X 10-2

-0.47(1) x 10-3
0.16(2) X 10-3

-0.116(9) X 10-3
0.126(8)X 10-3
0.34(1) x 10-3

a The quoted errors represent one standard deviation.
are related to transitions from ground state

$:~$$j$&lttdla,* . .are related to transitions from
ground state a levels. The signs of intensity parameters are
correlated to those of the energy parameters given in Table 3.

b me differences dads were not found to k sigtific~t ~d
were set to zero.



Band Centers Integrated Bandstrengths Bandstrengths Hitran 961
(cm-1) VibrationalBand (presentwork) (from Ref. (9))

Strength
~Si s“

0ther2

( 2,4) 3228.42(18) 5.06

I

2.82(4)

}
26.37

(V, ) 3323.71(18) 20.61 26.21 23.55(26) 22. 54(1 1) 20.5

Vlbrationalymixed 0.54 j

( V~) 3443.677(30) 10.93 11,77(13) 13.3(2.1) 21.4

Total 37.14 38.14 (40) 39.6(5.3)

1Hitran 96 [29] value k from Urban and Praona, unpublished results (1993).
%ther is the average of three Iaboratoty measurements of integrated absorption in the 3pm region:
39.9 by Kim [26], 46.0 by Koops et al. [2n; 33.0 by McKean and Schatz [28].



..... ........................ ....
I?.*.ll, *.1 h.. j,!nw.nt
.7. K. J. K.

.........----------------- ... ....
Wlr{?hean) 1 0.
W!mfohl 0“) 1 on

(v!!’ ( 3 * 7 .!
{(7)0 ( 7 ?. 7 n)

IWP t 1 P 1 “)
(!JW t ? t 1 !!1
fWR t 1 R 1 nl

I 1*
1 1“

7 2“
? 2,

> 1“
? 1s
2 1,

{(2IP ( 4 R lm)lls
W)o { 3 R In)>l”
fwm t 2 E 1*)11*

IOIP15ACJFI) 4 >s
w)ot4A-ln) 4 18
lo)n13A.3n) 4 3m

{o)r t s R 4rl) 44*
101O { 4 u 4n1449

(VIP t S R 1*)41*
two ( 4 1! lm) 41”
won ( 3 z 1 “141.

...... ...----------------- ......................---....--.-
UbO.-rvrd mm. Int 2X9 Lcu.r #trot*-. Uw4r

-.1 m-21mt9 Onc % m-l m-1
●t 293 K

-------- -------------- -------- ------------- -----------------
>419.20101 1.46c-03 [ 3.0) 60.41301 3479.61402
347 S.82128 9.46 JJ-04 I 4.7) 0.79340 3479.61468

>470.40404 1.2W-OJ [ 3.0) 56.10921 2477.12323
3460.14909 3.438-03 { 3.0) 16.9633S 3477,11324

3400.00004 2. s6Lf-oJ I 3.S) 10s.2OJ79 250 S.18378
14 S9.59695 4.732-03 [ 3.0) 45.50720 1S05.1842>

3195.61500 116.2 ?L427 3311 .9232?
3455.20>00 2. 36B-04 flO, 9
3494.94900 0.45!!-04 ( 7.0 \ ;::;:%; :::$;::;:

J361.2B600 0.79S-04 (10.2) 199.29390 3S66.57990
3506.26700 3.22S-03 { 3.0) 60.41301 >546. WOW

1179.621?4 8.74E-04 !14.0) 166.0878$ M45.70963
3459.05220 3.44C-03 ( 1.0) @6.657W 3345.71001

- 3172.4’6700 1.7W-OJ !15.0} 164. SS302 2597.04002
3451.05000 105.18374 2SS7.04174
3511.45200 4s. s0729 3557.03920

>>70.07400 195.s 1129 2963 .60S29
3449 .406W 1. 13.s-03 ( 3.0} 116.27827 3S65.6S627
3SO0.9WO0 96.10931 3S65.W521

3149.7WW ?.02E-04 I 4.3) 265.22662 3C14 ,92462
344e.039w 1. S5E-03 ( 1.3) 146.0679$ 3614.92689
3S2C.26600 1. WE-03 (1S.0) 06.6S761 3614.92361

3359. S6426 3.6332-04 ( 6.7) 239.40633 w90,9n49
J4W .s0955 1 .792!-03 ( 3.01 140.16322 359 D.9?277

3343.)9943 6.04=-04 [ 3.0) 263.61646 2627.01609
3442.4641S 4.97E-04 [15.6) 104.55302 3627.01717
3521. D3>24 1.09S-03 1 7.0) 105. WZ74 2627.01699

3339.77339 2.2W-03 I 7.0) 294 .6s999 >624.40320
3439.79308 195.61128 3634.40436
3s18.12420 1.3W-01 f 7.0) 116.27627 36S4 .4024’2

3431. >6610 26s .21662 3702, S9100
3516.50476 5.74B-03 t 3.3) 166. W7C9 3702 .s9265

J327.167W 3W.2B449 364 S.47149
3446.06500 8.11!2-04 { 3.0) .239.40023 366 S.47123

. 3545.30900 140.16322 364%47222

J331.WOS6 402 .zmis J714.14833
3529.71559 l. Wt-OZ f 3.4) 1*4 . s5302 3716.26661

3337.8W69 3.67C-03 { 3.0) 325.12719 2662.92367
3436.84927 Z06. W743 3662.91670

3317.20400 1.268-02 ( S.0) 433.23770 2730.44178
3514.83000 2. 02s-02 ( 2.61 395.61328.3730.44128

::.;:;:; 4.47s-04 ( 4.9) S2Z.ZZZ9) 3W8.7D104
303.97745 3WC.7B1W

3543:S5382 2.18!2-03 ( 3.0) 245.22662 3606.78044

13 Z0.3WY2 Z.2V2-04 tlS.0) 4Z3.ZZZW 3743.60413
3459.19414 2. S6E-03 ( 4.7) 204.41013 3743.60429

3294.30702 S.61t2-04 f 3.01 496.67614 3790.96>16
3551.5’5431 239.40623 3790.96256

31V4 .90200 463.70701 J76C.64901
3443.4WO0 7. ZW-04 ( 7.Ot 32s.12719 3760.60919
3S62.S22W Z06. W743 3760.60943

327$.01700 5.72!2-04 I 3.0) 5s1.32034 3629.3; 734
3416.lwoO 413.21778 3623.33770
3534.70700 9.90C-04 (15.0} 294.62999 3029.33699

3441.030w 1.1 OC-O3 ( 4.2) 423.22281 2664.2$201
1579.84200 5. OIE-04 I 7.0) 204.41013 3664.25213

. . . . . . . . . . . . . -------- ---------------------------------------

.



{111)
. . . . . . .

mll
21W4

““1
2!IU4
and
2!!M
2“”4
2“”4
M*4
2nu4
1m4
lmd
2nu4
2nu4
2mJ4
mw4
2nu4
2m4
2nu4
hu4
2“”4

(V11 1
.-.....

(VIII)
,- . . . . . . . .

-e. ]
1.1

-9.4
-1.0
44.7

->0.2
19,4
.10. @
.10 s
40.7
S1,5
-6.2

.22.0
-60,1

-4.8
1.9

-25.0
29.4

1.6
-16.9

36.8
6,8

.7.4
0.2

19.6
8.s
4.5
5.7
8.3

.1.4
-2.7
11.9

1.3
4.0

19.1
20.1
25.6

-10.1
-9.1
-3.6

-10.3
1.9

-34.7
48.8

4.6
-0.8

-12.5
-51.0

38.8
-9.1

-51.0
1.1

-20.8
+:.;

-6:9
39.1
-1.0

5.1
-12.8

5.1
12.4

-10.1
-1.1

-21a
-21.4
-17.0
-19.9

+.;

4:8
-10.5

-7.0
2.0

-24.0
11.7
53.1

8.1
9.2

-31.4
-26.1

2J.7
-40.3
-11. *

14.9
60.1

(1X)
. . -----

5
4

IIV1 w)
------- . .

-33
-77

-169
125
-81

-ia3
-29
->1

m
-201
-188
-116

Q

(xl
-------------- --------

{11, X-. 9.9)
( 6.E . l.m)
(11.1 ,10,1)
( S1.z . 1.9)
( 0,1 , 1,. )
{ 9.= . 2.-)
{ 5,m $ 4#Gl
( S,r . 2,*)
[ O,K , I,al
t 6,1 , 2a}
( 9, A*. 3,* I
( 5,K , 2.0)
( S, A*, J.Q)
(11, A-, 6a)
\ 9,E , 8.6)
( S,K ,.,1.1)
(lo## , 5,1)
[ 8,E , 1.BI
[ S.c , 2,-1
( ?,E , 2,*)
( 6,S , 2,-)
( 6,8 . l,ml
( JrA-, 3.s)
(10, A-, 6.s)
( ?. A+, 3,d
I 5.s , 1.s)
( 8,X # 4.B)
( 9,1 . 4,N
IIO. B , 7#a)
( 4,8 , 2,9}
( 7.1 , 1,9)
Ill, t , 7,0)
( 9,- . 5.* I
( 4,* . 2,*)
(11. * # 2.91
(11. s . 108)
( S,r . 2.-I
(11A*, 0,s)
{ s,- . 1A
( 5.9. , 2,C)
(IO, * . ‘3. s)
(10.8 # 6.al
( 7.1 . 1.*)
[ 8.2! . 2.s)
(10. A-. ?,*)
(10, X . 8.0)
( 6.k*. O.m)
( 5.8 , I.a)
( 7.52 . 1.*)
I1O.A+, 9.91
(10, A-. 9,a)
{1 O, A+, 6.d
(10,8 , 7.d
( 9.= . s.@
( 6. A-. J,al
{lo,&-, 3ed
( 7.E , 2a)
(10. E . 2,QI
( S.r . 1,s)
(10,6., 0.9)
(10, E , 9.0)
~lOeE . 5.s)
,lO. X . 7,s)
( 8.E , 4.ml
{ 4,s , 2,s)
( 7.1 , 2,s1
I 9. A*. 6.s)
(Io. t , 4,9)
I 6-A+, 3.*)
( 6.x , 1,s)
(10, A*, ],d
f 4,X , l,m)
(10. = , 2.1)
(10. E , 1.* I
( 9, A*, 1,-)
( 9. A+, 6,s)
( 7,C , 2.*)
( 4. I , 1.s)
I S. A*. 1.9)
( 6,!s , 1,*)
( 4.s , l.h)
( 7.E . 4.91
( 9.s , T,* I
[ ?,C , 2,s)
( 7. A., 3,*)
, =,s , 1.*)

—

(m
. . . . . . . . . ------------

l:;- XJ3S90
e ● 2-1

10XSO 4 ●lo 0
712617m02
7#m 17812
::: Z2 *12

1s40
482X Jm42
;;~11a02

7*1O
S A* A20 1; : :-;
4nx0
4A+ A202930

10 A- A2e 10 ● 4-1
312B0 1 # %2
4ss0 5B1O
stsc18a 3-2
?mM19a12
t=m 4*2O
13 B5!a23a12
;; 7.37802

9a32
4A- A2m2a30
SA-A206 *”*
;~A&06m O0

s s 2-2
1E2011S1O
08-11s 2-2
98 CelOm 5-2
3E20 1 s 3-2
6E6e13m02

locxO1* as-2
OE X=13”””
3cea 1 ● 1-2

lomeo>4 ”””
lo c-36”””

71m1?91~
10 A+ x2016 ““”

4s - 4 ● 2-2
68X0 4a20
Hg lo”’”

6 ● 6-2
6K2014m02
71 S019 *02
9A-NO::::
9EX0
;~A&96821

1812
6wm14a12
9A+ A292a90
9A-A20 3 87-2
9A+ W9C60
9Esw13a70
#s b14a 3-2
3A- A201S30
9A- A2014 830
6x2913*O2
!Em30m20
6B- 7-32
9“A*A2C16 ● oo
9CS0 1 a 6-2
9ES020 *””
91-14”””
7=2913 92-2
3K9m 2 820
6cs011m11
OA*A204 ● 4-2
9EWW *40
3MA204 ● oo
Sazall 902
;:gxls alo

3 ● 10
9xm310s20
9E9m31 alo
*A* A3012 ● 22
8A* A20S 852
$:%14 SO’2

3 ● 2-2
1A. A291O ● 22
5ss01: ::-:
332ea
6=20 $s10
*1- 7 ● 5-2
6c2914m12
6 A+ A20 7 s l-Z
5Es912a12

!111)
-------

( IV) {v)
. . .. ---- .

34
-124

.7;
26
59

s
-100

-47
100

-114
-w

-6
-167

‘--d:
-19

-224
64
66
26

-121
140

46
-1

170
10s

-::
-;:

74
-9

[w)
. ----------

(VIII
... -----

3.s
2.?
1.3

:::

:::
1.1

;::
1.8
4.8
2.8
3.6
1.5
4.0
1.4
1.*
:.e
2.2
2.0
3.3
‘4.0

;:$
3.2
1.6
3.4
2.5
2.0
~.e
2.>
2.3
3.1
1.7
1.6
1.7
9.e
2.1
1.0
2.5
2.2
1.4
1.1
2.0
1.0
l.e
4.2
0.6
3.9
1.6

;:;
3.7
S.o
1.5
2.1

:::
2.6

:::
2.7
4.2

H

::!
3.5
1.1
1.6
2.0
2.2
1.5
l.e
1.6

;::
1.1
1.9
1.6
3.0
3.1

H
6.5

(VIII) (1X1
-----------------

10.0 ~
5.6
7.4
a7

-7.1
;:.;

-2;:;
‘26.3

11)
1.9
1.6
3.5
0.5
0.9
2.2
0.7
2.8
).6
5.5
3.4
9.2
‘2.9
2.5
2.9
2.9
1.7
4.7
1.2
2.0
2.7
1.9
3,3
2,1
1.2
2.2

:::
1.3
1.0
2.1
4.8
4.0
2.7
9.4
7.s
2.7

;::

4::
2.9
4.3
1.6
2.7
1.6

::;
1.3
1.9
1.9
3.4
4.7
>.>
3.3
2.3
1.2
1.4
0.4
4.9

:::
2.1
2.2
1.3
2.6
2.8
2.1
1.8
1.0
4.2
2.9
2.1
1.s
1.2
1.7
2.1
2.6
;:;

1.1
1.0
3.1
1.0
1.2
1.9

.,.------ ---------------
9KW. 7 . 5-2
711E0 4 9 5-2
7EE0 4 a 5-2
68?0 2 ● 5-2
Gem 2 e 5-2
9A- A?*J s60
Ilwe,s l)..*
1 A. A2e 3 S 4-2
1 A- A?O 3 a 4-2
7 R Vo 1 870
0RE015B 1,0
Uzeo : ; ;::
5RE0
97.9A lls40
seal 1 a 5-2
6 n- h2e 2 s 4-2
6 A. A20 2 .3 4-2
eh~iz?e::::
7EEc
7EC0 5s50
7I?EOI181O
7rceloa J-2
9NA2c21 s00
7A. A2e 7,00
7zee 0s40
8e2h18s 2-2
eCCe26s42
6A-A2e 1 .60
5 A. A29 1 S 4-2
78-*2o 6s30
5 A- A20 1 8 4-2
621Fb .7 .50
6ZE0 6 a 1-2
7Ece11s 2-2
6?. Ee 5e40
S A. MO Ii 8 1-2
6cI!0 emlo

10!2C*3OSO2
102, .A2017 ”””

6hk A204930
9!212e26m02
6!2Ee 9010
6A*A20 6aO0
4 A+ 2!20 1 D 4-2
5EI?0 4 9 1-2
SEE* 4 . 3-2
6*V4 10s 2-2

10 E Ce 26 ● 2-2
6Lte010a 2-2
3Ete 5s42
Scee 3s40
9eee26s02
7zze15a32
ezee 22002
Scee 9*2O
9eee27a12
5Re0 SS42

10 ECO25E4O
]0 C to 22 ● 3-2

7 A. &z. 9 ● 1-2
eecozzelz
5A-h203930
52!?0 7810
?A. A2e7soo
5h. h2e4n O0

10l!E.22a$o
lo .5.3120 e ““”
IO EX!014S70

9 A- &2.2 12 8 1-2
>0 A. A20 1 ●1O-Z

5?*. lmlo
10e Ee 14”’”

9EE.?27a02
7A+ A2- 10.22
61 MA2012*2Z
sel!e 6*2O

10 c m 1: : :-:
4EP0

10 A. A20 ; : ;-:
4EEe
5KEe 8 s 2-1

10 c eo 1~ 0 9-1
]Oxlloloaeo
10 E te 4 Slo 0

6 A, h20 1 s 1-2
10 w c!- 15, a 9-1

,----------- -
3022.49294
>032.31210
3034.13002
N45. -J1l54
3046.53121
J047.970J3
3050.21311
3050.81291
>0S2.97024
3053.75816
305).94476
3054.06008
3059.45068
30s9.79s43
3060.04591
3063.8S845
3065.36611
1066.19411
3066.51S16
3066.9> 044
3070.72954
3011.0> 113
3071.43735
3071.91136
3072.23263
3012.32206
3074 .207e9
3074.62218
3077.81075
3077.85797
307e. 00802
30B0.66466
3oel.09273
3004 .4S633
3085.70934
3oe7.13347
3oe7. 70438
3088.75001
3089. W906
3090.36252
3090. 46*24
3091.69162
3092. 965e2
3093.30692
>09s.00042
3096.31991
3097.31403
3099.41804
3099.71003
31 W.01176
3100.22030
1100.73729
3100.99969
3101.84233
3102.02062
1103.12594
3101.26416
3103.42403
310> .40104
3103.6537O
3104.19261
3104 .3318s
3104 .!0936
3104.97616
-7105.93068
3106. 5W95
3107.11316
3107.21010
3107.30643
3107.45580
3100.53753
3108.72917
3109.01$74
3100. ?3602
3109.10220
3109.26242
3109.06545
3209.93S63
3110.61254
3110.85596
3111.16973
3112.23029
3111.49781
3111.52900
3112.01563
3112.30625

lo) P
(R)?
{01 P
[P)?
[0) ?
{P}?
(o) ?
IS) P

.Q:s:g

-. ..........
9.E , 4,. )
S., n , 4,s)
e.e . 4,.1
7.r . 4.”)
7,R , 4.. )
9.n-. 6..1
9.E . 2.*)
11.A., 3.sl
CI.A-. 3.. )
9,C , 7.?. )
9.E , 1.”)
*.C , S.nl
6.K . 6,s)
9.E . 6.. )
6,E , 4,al
7. A-. 3.s)
7. A., 3.. S)
9. A., 3.*1
e.e , Z.a)
s.? , 5., )
8.e , 1.”1
IJ. c . ?.a)

10. h*. 3.3)
B. A., 0,?.1
e.r . 4,al
9.C ; :,:;
9.E
7. A-. 6:m)
6. A+. 3.s)
6. R-, >.al
6. A-. 3.. )
7.K , 5.4)
7.K . 2.3?
8.P. . 1.s)
7.E . 4.0)
9. A.. 0.s)

, . 1,. )
1;.: . Z.*)
11. A., 0.9)
7, A.. 3.91

10, E , 1.s)
7,E , 1,8)
7. A.. 0,s1
5. A.. la}
6,e . 2.s)
6.e , 2,0)
7.E , 1,s1

11. E . 4.al
1.K . la)
6,e . 2.. )
6.S . 6.8)

10. E . 2., )
8,8 . 1,s)
9.r . 1.6)
7,E . 2,0)

10. e . 2.9)
6.e . 2.s)

11. e . 4.s1
11. P , 5..1

‘6, A.. O.el
9.e . I.e. )
6.h-, 3..1
6.t . 1.. )
e. A.. 3.s1
6.h+. 0,. )

11. I! , 5,s1
11. M. 6.s1
11. E . l.al
10, A-, >.a)
10. A-. 9.. }

6.E . 1.S)
11, P . 1.s)
10.2- . 2.s)

O. A., 0.. )
9.Aa. 0.01
6,c , 2.s!

11. C , !2,8)
5.e . 2.s1

11, A., 9,.1
5.E . 2,0)
6.c . 1,S)

Ill, z . 7.. )
111, E , 8.s1
111. E .10.8)
I l, A., 0,s!
Ill, r , 1.s)

2. 19E-042..4
2nu4
2“” c

6
6
6
4
4
a
4
4
4

:
4
4
4
4

:
4
4
4
6
4
5
4

:
4
4
4

;
4
4
3
4
J
4
5
4
4

:
5

:
4
4
5
4
4
3
4
a
4
4

:
4
4
4
4

:
5
4
4
4

:
4

:
4
4
4
5
4
5
4
4

;
4
4

[RIP
(RI r
{RIP
(HIP

1.)!’
w r

... .,p
(M)P
(RIP

WI r
IQ) 7’
(01 P
(RIP
(0!?
{RIP
(.)?
CRIP
to) P

... .,p

w) P
(01 P
(RIP

.. (w)?
IQ) P
[0) P
IRIP

.. (SIP
(0) P
IR)P
(0) r
fR)P
(0) P
(RI? I
4R1P
WI?
(R! ?
(0)?

..(~, p

.. (.,,

{Q)?
[VIP
(0)9
tQ)P
{n)?
IRIP
{RIP
(n) P

... ~,p
(n) P

... $,p

!0}?
..,q, p
..(~, p

(PIP
..[P)P
..,,,, p
,., ~)p

(01 P
... ~,p

!.1?
..(QIP

[01 ?
10) P

.. ,”,,

tO)*
10) *

... .,,

(0) ?
.. (f),,

(RIO
10) P

... .,9!

..,,,, p

... ~,p

..($, p

(0! P
(0) ?
(PIP
(V)P
(PIP
(P)r

... <,f
!U)r
to) F
lelr

,., <,,

4
4
4
4
4
4
4

:
4
4
4.
4
4

1.21’S-04
3. 17E-04
*.73C-042nu4

2!IU4
211114

. .

2nu4
2nu4
2nu4
2nu4
2nu4
2nu4

.. .-..
4.23. *OC-04

5.45E-04
I. sem-04
1 .03n-03
1.06E-03
2.272! -04
3.27K-04
1.228-04
2.70!3-04
3.722! -04
2. 7W-04
1.*18-03
1. 40!4-03
5.9513-04
5. 60=-04
5.71=-04
7.16R-Ot
J. 99=-04
6.16K-04
1.441-03
6.e4E-04
3. 50R-04
3. 21s-04
9.49s-04
1.43K-03

. .
....$

..pJ,p ,

.. (~), .-s.8
(0) i

..(~,p

(ma
(0)?

●.t*, p
.J)P
(0) P

6;
89

.;:
-2
26

-100
123
133

42
-s

.1::
16

110
-131

-19

-:;
6

-1:;
-101

-w
-ss

-::
17s
-33
10B

::
104

31
54

.::
55
52
99

-100
-w

i;

d

-;:
160
-44
117
-lo
-67

7:
69

-:;
-eo

::
-32

1;:
-20

-106
10s

89
68
36
30

-:;

5.0
3.3
4.1

Il. @

2nu4
21W4
2m4
2nu4 -:::

le.7
-11.7

19.3
-7.0
a9.2

Zmw
. .

b’].. ,~1
●. 1~

1P
.)?

.s)?
(0) ?

..,.,9

. ..)?
(R)P

.. (”),

..t~,p

0) P
)?

2nu4
2nV4
2“”4
2nu4
211”4
21W4
2nu4
2nu6
2nu4
21N4
2nu4
2nv4
2nu4
2nw4
2nu4
2nu4
2w4
21XU4
2nu4

. .

2nu4
2nn4

. .i
4

:
4

:
4
4
4
4
4
4
4
4
4
4
s
4
4
s
4
4
4

23.9
-6.1

e.i
10.7

-22.1

2mu4
2m4
2nu4
2nu4
lmu4
2nu4
2mu4
2nu4

. .

., ,.. ,“!

.*;C,
(R)
(P)

. . ,~)

..,.,

(R)
... .,.

..,., p

(P)
.. (.,

(1
({

..,, ,,,

.O,o, p

-1:::
4.9

-10.7
-14.3

-6.2
-1>.3
-10.0

10.0
22.2
W.9

-11. s
:.:

6:7
5.3

-7.3
3.1

-20.0
9.9

-1:::
-20.0

24.6
-12.6

-0.9
3s.7
25.5

.34.0

.37.4
$:

42:1
-16.4

-1.5
11.4
-1.4

-14.5
-3.9
2:.;

6:7
2.1

48.4
26.3
20.2
23.8

-is. s
3.6

-s.6
-30.5

6.9
-s. s
16.7
-9.0

1.06--01 ;P
)?
1?
)P
,.

1. 47C-03
0.391-04
e.78m-04
5. *J1-oa
1.13S-03
2 .47s-03

2nu4
. .217

.1::
69

160
224

2::
102

w

-U
-57

6-

-2::
90
42

171
-232

169
le2

-241

.3:;
-70

-146
-143

40
73
46

2::
-123
-129

142
-245
-2W

2;
-106

-32
49

-:;
-s2

.

..
2nu4

. .
i?
)?

RI?
0) ●
.,.

1.411-03
3. 11s-04
e.12K-04
2. 49E-03
2. 1s1-04
1.07m
2 .2ss-01
9.791-04
1. 16=-02
1.511-03
s. 87s-04
3. W8-04
1.16S-03
4.33s-04
1. %C-03
4. 53C-04
2.462! -04
4. 979i-04
2. 44s-04
7.6W-04
3. 17C-04
3.83s.-04
4.91C-04
1.181-03
9. OW-04
4.02K-03
2.41g-01
1.09K-03
S.258-03
5.26#-04
1. S3C-03
9.>25-04
7. lW-04
6.62S-04
2.3W-03
1.41s+03
e.05t-04
2. 7ss-03
2.17C-03
1 .70C-03
2.14S-03
1.17E-03
1.7312-03
1.4s8-03
9.60=-04
2. S4E-04
1.066! -03
1. 5BC-04
%. 311-03

211U4
2nu4

. .

2nu4
2nu4
2nu4

ml

2:;
2nu4
2m4

2n”4
2nu4
2nv4
2nu4
2nu4
2nu4
211U4
2mv4
2rm4
2mv4
2nu4
2nu4
2nu4
2nu4
2nu4
2na14
2nu4
2mJ4

Xnll
2nu4
2nu4
2nu4
2m!4
2nu4
2nu4
2mJ4

ml
. .

rlul
2nu4
2nu4
21W4

. .

2nu4
2nu4
2nu4
hN14

“u 1
?mJ4

nu 1
2nu4
2nu4

I@
““ 1
n“ 1

2nu4
“v 3

i-03 ....
(P)P

..,0,,

{0) ?
(0)?

. . (~,p

. . {g, *

IQ)P
IQ) ?
[0) P
IQ)?
IQIP
[0! ●

IQ) ?
fo)?
(01 P
(0) ●

(s) P
(Q! ?
h-mp

P

4
4
4
4
4

●✎✛

●✎✌

4
3
4 ..
i
3
3
4
3
4
4
4
5
3
4
4
4
4
4

..
●✎

“Ul
2nv4

. .

. .
2mu4
2nu4
2nu4
2“”4

mll
2rrJ4
2m14

nul
2nu4

IIU1

r

..i~,p

(01?
(P)?

..,C,,,

fol ●
M) P

1P
1P
1P
1?
1P
1?
1?

m;:
?) ●

?) P
R) P
m P

)?
P) P
0) r
0) r

4
5
a

nu2
2m4
2nQ4
2rIu4
2nu4
2nu4
2nu4
hu4
2nu4
21W4
2nu4
2nu4
2nv4

4
4
4
3
3
3
)
3
4
3

-2::
23

-?8
-190

.iiIa
-11.6

16.9 . ..iii. r , v,
...—
4.168-04

1





::-;-.
.a.a

-------
*-

.
.

.
.

-------
------

-*
----

-$-----
.-l---u

s-
r-.$w

.
r.-

.-
*---

--
9----

-.
--n

.-!
.--

u
-!-..

.-
.--e-

.
.

.

:--------------------
--------------------

-’---------------------
-----------------------

---------
I

.
.

=
-9

-..=
=
..-.=

.●.=.s.=-=.=-=.9.=
.0

-..
● -9.9-=.=

-=.s.
--=

.9
-=

.
●.O

.S--.=-=
.Q.==

=
=
=

69996
-O

..*-.=
●m

o=
m

=
=
a
s.

-a
●*00=-Z

O
=*-S

.
•-~

m
......-c

-::

:*-m-m
m

*"m
-e.

--om
m

O
nm

dn-4N
m

-*dw
04n------m

--*----
*"-.-"N

"-`n.
v.-.-"-----.-.~"-.O

.
m

--.0.
~"---*.-"-.z.:.-.---.~-.-"--*0-------

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

...
.

..
.

.
.

...
..

.
.

.
.

.
.

.
.

.
.

.
.

..
.

.
.

.
.

.
.

.,.
,

.
.

.
.

..-.
.

.
.

...-*.
.....-..

.
..--<

-
:•“”M

”~
:~

:>
&

~~m
M

M
M

M
M

M
M

MM
.+:M

8W
<M

.-.-M
=
4

-.M
.-M

M
M

M
N

-
W

M
.U

.4U
A

M
-.M

-M
.*-

m
.c.z.~

-u.:.m
.~

.m
.m

.-.
-.rn

.e.m
.-.~.-.m

.u
.m

.-.
~

.+
~

.”.m
.m

.u.~
.rn

:
:

--=.e.”.*.m
”m

.m
.m

.*”*”“.m
-*’m

-
m

”*”
A

*”m
”-..-m

.
o

”lim
”b

.
-”..’m

w-“-.-”j.r=m
=m

--.*“W
”*’
--$N

$*-I.I-.S.**-:**--
n
-
-
f
-
~
-
-
:
:
-

-
-
f
i
-
=
-
-
~
-
-

-----n
.

.
.

:
--------------------------

--------
-“------

----
”------------

------!
---

----------------------
:0.

A
O

O
O

O
K.-*

X
uo*.

o*o*o@
o

*=
-O

-0
0
0
0
0
0
*

000o
~=****o

*
=

~
@

O
*O

O
O

-**0
=
***=

0
0
’’~

=
*

=
o
o
=
-o

~
o
o
=
~
’

o
-=

,
----------------------------

-----------------
---------------------------

---------------------
---

,.&
&

&
&

o
***e

s*
ti&

O
O

-0
6

0
z***0

~
O

=
*=

*
o=

*J=
-o*

m
.===~-~=m

s-~
~
0

-=
=
=
0

-0
0

*0
~

-O
*~

*zO
’*=

O
~

z
~J

-00-00=
,

-------------------------
----:

-------------------
--------------:

-----::--
--y-:

:~--
----

1
:

:
:

:.
::

::::
:

::
::.

.
.

.
.

.
.

:

m





u



111) {1111
. . . . . . . . . . . . . . . . . . . . . . . . . . . .

9EEe26m022mu4
7A- A2a6, J02d
62fr..21a 4-l nul
6E2?@21a 4-1 nu 1
8 A. A20 4 a 4-2 2nu4
9ee.27.122nu4

9 A, fi29 17 a 5-1 nu3
9 A- Ala 15 # 5-1 nu3
5SM17S 4-1 r.u;
59. E* 17174-1
e n. A20 s . s 2+ 2nu4
2A. A206s IIIW
8 A- A28 13 . 5-1 “u]
; ;4 & 15 m 5-1 ml>

7 a 5-2 2nv4
9 A- No 11 8 1-~ ~nU4
9EE027a02 Md
7 m+ h>- 13 n 5-1 ““3
? A- MO 11 ● S-1 MJ;
3I2E*1OI231
3REO1OS31 W3
6 h- R2e 9 8 S-1 MJ3
6 A. h20 11 9 5-1 MI)
)EE02?m 6-2 I-Nl
Zcxolomolml
8sEw16B4221u14
8sco25a 6-1 12u3
88 E921940 ml
8ncs16m S0 nut
lE6012a21 ImI
8EC4WS 6-1 ~;
X. A-h2e6D60
e1s0Yl*4e IIU1
#nso26s20 md;
BRE*21*1O
0A+ A2024 s00 ~:
8KEe20a70
91?E010E 3-22*
7BC822 s6-1 R&J:
4A. A208 *41
9scelrJal-2snu$
IA, R?08c11 -
$A. A206 .** ●*
@E E*20a 7-1 21U3

101 M3O9O2-
4es414m31 2N2J
9emloms-12m4
6C8014S>1W3
9R-A20 ~”*”””
IEE914 *01 7m3
9*CX 6 ● 6-2 -4
Y8C014801 mJ
s1E*14m31 -J

l:g~Jj:::2m24
ml

4r!c4xlbmalllu3
48!! s16s21 WI
9A-&2014s30 71U1
9rs420 *so ml
9A. A200c60 !IU1

N:g x:;:-: 21No
. .

5&+ A2a10a6t 2U3
;:gloaao ml

7m6-22m14
108C023 *40 ml
1O!SSO22S3-2M4

4NA201O911 RUl
6K X4216861 ml

104?5!022s50 -1
Sucolo ali ““l
582018 s31->

10 A* A20 B**”*”
1022*14”””*”

4Esolsmolm3
10 WX 403 ● “” ““

6KCm20BSl 2M3
Iocmlommo Ul

5e2!o Y0m22w3
5EC.20S21 MJ3

IO A-A2* 3s90 ml
7A. A2.8*71N3
lh-20008?l Id

cA. r.2012m42 MO
6A- A2*1OS41 II@

98, WM*1O mul

IIv)
. . . . .. . . . . . . . . .

>47S.27N6
3476.12055
1414.24885
3414.73850
>47S.15591
1413.91405
3475. s9117
3415.96896
3476.44S58
3476.96135
1471.4W17
1473.20012
1470.597>9
3419.0S131
3479.10240
3400.01914
34 B2.3667B
3481.40704
3401.91587
J483.0350J
3482.46004
J401.9SOJ1
3404. S0414
1483. S2390
3405 .579JZ
34 W.01165
3408.59901
3409.01384
3489.0 s14-0
>4W.10479
3489.1s170
34 W.2S620
I491.W1OO
3491.2W52
1491.1s375
>491.37>79
3491.99032
>492.0192>
3492. OW1O
3493.74047
1496.17606
3494.52964
1499.54030
3499.05194
3499.09896
1500.4)929
2ss::::;

WOl:3t215
3504.>3029
3504.60696
3904.77620
3s05.43705
3S04.7S140
3S07.3096S
3507.48276
3907.*9704
M09. O1OS6
3S09 . 0640S
3$09.26939
3s10.4s496
3110 .s40s7
3S12.17543
w12.W153
3$13.39492
1S14.59116
W15.0W83
3s15.31449
3S17.S6231
3s19.19562
IS W.4JOW
3s1s.03542
1519.48894
3521.9104s
JS22 .69627
W22.?9@40
3523.42275
3S23.90146
3S25.19199
3WS. W141
3527.67779
3s29 .70417
>S29.23971
3S29 .37314
)s29 .74696
>530.39176

(v)
. . . . . . .

171
-34
-21

-:

-241
-13

-5
i
7

-::
-55
-26
*37.
142

-i!
-9

a

(w)
------------

4.408-03
9.45C-03
9.921-03
9.47E-03
6. WS-OJ
0.678-03
2.548-03
2.711-03
1.90=-03
7.49B-OJ
1.02C-03
9.43S-02
S.3S1-03
5.41C-03
;.;;-:;

7:991-03
$.94C-03
9.47s-03
7.14=-02
7. 6SE-02
1.07E-02
1.098-02
1. .32s-01
:. y;

2:36x-03
5.37--02
4.94s-02
3. 97K-02
5.33B-03
9.40s-02
S.03E-02
s.738-02
4. 99s-02
9.768-02
3.018-01
6.5W-03
:. MM;.

1: OSX-02
L 421-02
9.168-02
1.s31-03
4.718-03
4.448-02
9.62s-03
:::*-%

9. 3)2-03
9.41m-03
9.75--03
?.1OC-62
7.OIX-03
2. 2?8-02
2.71s-02
2.7SS-02
6.902-42
2.478-01
4.516-02
S.*lE-03
1.12X-OX
0.9s1-62
2.28*-O2
7.638-03.
9.97--03

: 0.50-01
6.46s-02
6.44E-02
1.lW-02
2.6W-02
;.y:

9:71s-03
9.05n-oa
1.lm-oa
>.42s-02
1.608-02
1. 3W-OZ
1.448-02
Y.25C-02
w OW-OJ
1.008-01
4.4W-02
4.s3s-02
●.411-ol

(VW
-------
3.2
2.0
2.9
1.2
4.1
3.0

;:;
3.9

:::
2.4
1.1

H
2.2

:::
2.6
3.1
2,5
3.1
3.3
4.0
3.7
2.6

;;!

>.9
4.0
2.0
4.6
4.0
4.9
J.@
a.1
2.7

$;

2.2
3.2
.3.9

.;:;
2.9
2.7.
;f

2.1

:::
1.,
2.7
4.0

::;

:::
2.6
2.0
1.4
3.1
3.7
2.3
2.9
2.4
2.5
2.3
2.6

:::

::!

.::!

:::
2.0
>.2
4.7
3.0
2.9
3.1

WIIXI [Ix)
----------------

-2.9 4
11.3
14.: :

9.6 ~
0.s
1.6 4

->0.7
-23.2 :

4
-H 4

-65.3 3
10. Y :

-14.0
-11.1 4

-5.4
2.6 :

-1.7
-5.6 :
-0.1 3

9
1::: e

7.6
@.c ;

-s.4 3
4

:::; 4
4

;:: ;

7:9 :
::.;

-0:6 ;
11.5 9
-0.9
-2.0 :
-2.1 :

1.2
0.3 .4
*.2

-10.0 !
9.6 ,:
0.4
5.C ;
7.1.

7
.::;

,-;.; :

9.0 :
-Z.4
l::; ‘:”

7
-7.0 3
-2.4 4

6.4 S
@.6 7

-5.0 s
-2.2 7
-:.; 7

3
0:2
9.3 :

6
-1::: 3

-9.4 3
2

1;::
15.1 .:
.-:.; 3

7

-1::: :
-s.5 3
ls.s 3
10.1 4

6
.-;~:; “4

4
7:4 5
-7.3 a
9.9 t
1:.: ;

-2::: 9
3.

-

.-
1Iv)

. . . . . . . . . . . . . .
3530.0605s
353!.95409
3>31.50S12
3512.00271
3S34.39546
3s34.83109
3s35.92600
3534.>996)
3534.91378
3316.94043
3517.04300
3530.01749
3540.30802
3540.62946
3540.67560
3540.90057
3542.03514
3543.04240
3543.30602
3545.6W02
3546.12634
3546.45325
3S50.76267
3S52.54161
3s57.41403
3562.15097
3562.58JY5
3S63.65201
3564.16’207

.-----
25

22?
65
74
1s
22
-s4
6

-101
-58

-160
117
21

-::

-:
77
1

--------------

WI I
------------

6.3W-01
6.51S-0)
3.018-01
4.llm-02
2.748-01
2.B3R-02
1.14s-01
1.44E-02
6.90WOI
1.4tE-01
6.81s-03
5.42W03
1.62B-02
5.60s-01
1.!3W-02
3.411-02
7.798-0>
8.87E-03
8.728-03
3.WC-02
3.918-02
1.61K-02
2.20E-02
2.11s-02
1.14s-02
1.361-02
1.438-02
2.708-02
2.03s-02

------------

(VII)
. . ..-.
0.3
2.4
2.6
2.1
4.7
2.6
1.9
1.4
2.1
3.3
1.6
1.4
2.6
1.5
3.2
3.’4
2.>

:::
2.7
2.5
4.0
3.6
3.2
1.5
4.0
2.4
4.0
4.3

. . .. ----

(VIII)
. . . . . . ..- .

46.1
7,4

-24.4
9.4
0.8
11.2

-16.4
0.6
-0.7
-6.4
-5,9

-11.1
1.8
4,4
15.0
17.2
31.1
6.0
4,1

10.4
13.0

-2:,:

15:2
14.4
7,@
11.9
21.6
25.0---.-.-.-

i
:
J
)
3

;
6

Nate :(0 :Aeefgnrnenc (II} fdentlfloatiorx of the upper level; (Ill): Vibrationalbe~~
‘1 (V) (obS.OelC)W19V0r96Smberin 103 cm ;(fV) : ofssewedwove-r In om :

‘2 etn9-1et 296 ~ (W) Experknsntaluncertaintyin %;(VI) So In 0697
(VIII): SO-SO/SO In % (IX) : number of spectra used for the maesuremsnts.

..’

,,.

6



Fiaures CaDt ions.

Figure 1. Vibration-inversion States of NH3 in the 3-pm region (from Ref. [51).

Fig. 2. Allowed (solid lines) and perturbation-allowed transitions (dashed lines) in VI and
13s

V3 induced by Coriolis resonates between VI and V3 (Cjj term) and by K-type

resonances in VI or V3 (q3v term) .

Fig. 3. Allowed (solid lines) and perturbation-allowed transitions due to the 2-2 “l-type”

(qz term) resonances in 2v4 (dashed lines).

Fig. 4. Comparison of the observed and computed spectra using Kitt Peak data recorded
at 0.012 cm-l resolution with a 1.5 m cell and a gas sample of 14NH3 of 2.6 Torr at
295 K. The plot above the spectrum shows the differences between the observed and
calculated spectral digits x 100. Between 3450 and 3454 cm-l, the regions contains the
R5 (J) transitions of V1 (a --> s) at 3450.8 and (s --> a) at 3452.5 cm-l. Pairs of
transitions with similar intensities (at 3451.5, 3451.9 and 3452.9, 3453.4 cm-l ) are the
inversion doublets ‘Q2 (4) and ‘Q2 (3) of v3. Left panel : the calculation obtained by
the present results (dashed lines) reproduces these features fairly well and improves the
calculation obtained using HITRAN 96 prediction (dashed lines in the right panel).

Fig. 5. Comparison of the observed and computed spectra using Kitt Peak data recorded
at 0.012 cm-’ resolution with a 1.5 m cell and a gas sample of 14NH3 of 2.6 Torr at
295 K. The plot above the spectrum shows the differences between the observed and
calculated spectral digits x 100.

Bottom: near 3459 cm-l, features are tentatively assigned to the 4v2 (s) band.
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